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ABSTRACT 
A geophysical survey was conducted in Franklin County, 
Ohio of the earth's total magnetic field. The instrument 
used in the field work was a proton precession magnetometer. 
Buried ferromagnetic cylindrical pipes are located at the 
two areas at which the magnetic survey was conducted. 
The magnetic anomalies caused by cylindrical pipes fre-
quently serve as models for more complex perturbations of 
the earth's magnetic field. This would include geological 
structures such as anticlines and dikes. 
My survey is concerned with the spatial variations in 
the earth's magnetic field caused by ferromagnetic pipes. 
Therefore, the observed field data was reduced to compensate 
for diurnal variation. The reduction was completed prior to 
constructing the magnetic profiles and the total magnetic 
field contour maps. 
1 
PURPOSE OF INVESTIGATION 
The purpose of this investigation was to gather geo-
physical data of the earth's total magnetic field over 
buried ferromagnetic pipes, then to interpret the graphical 
representation of this data. In particular, I wanted to 
determine the spatial variation in the earth's total mag-
netic field caused by ferromagnetic pipes of different 
sizes, buried at different depths and at different locations. 
2 
INTRODUCTION 
A surface magnetic survey was completed at two differ-
ent areas. The initial magnetic survey was carried out on 
the property of the Columbia Gas Corporation (see Figure 1 
for a map of the Columbia Gas Area). 
A ferromagnetic pipe of the type API 4L low carbon 
steel is buried at this site at a depth of between three 
and four feet. Figure 1 shows three circled points at the 
surface of the land below which the pipe occurs, as deter-
mined by Arthur Eberle. The pipe has a 1/4 inch wall thick-
ness and a 6-inch diameter. 
The purpose of the initial magnetic survey was to de-
velop my magnetic surveying skills and understanding of 
magnetic anomaly signatures prior to surveying the principal 
area. 
The principal area of the magnetic survey occurred in 
the field north of the Electroscience Laboratory of the Ohio 
State University (see Figure 2 for a map of the field north 
of the Electroscience Laboratory). At this site the Columbia 
Gas System Service Corporation buried a set of 12 ferromag-
netic pipes. This originally was done in order to have fac-
ulty researchers of the Ohio State University test the po-
tential applications of using radar in detecting and locating 
these pipes. 
I was able to secure permission to use this site for 
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As indicated on Figure 2 the pipes are buried at the 
depths of 1-foot, 3-feet, and 5-feet. The three pipes of 
1-foot length have a diameter of 1.5 inches. The three 
pipes of 3-foot length have a diameter of 3 inches as do 
the three 5-foot length pipes. The three 10-foot length 
pipes have a diameter of 4 inches. All twelve buried pipes 
have a wall thickness of 0.154 inches. 
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MAGNETIC THEORY 
.•• all magnetic effects come about as a result of the 
relative motion of electric charges (Sears, Zamansky and 
Young, 1977). The origin of the (earth's magnetic) field 
is not well understood, but thought to be due to currents 
in a fluid conductive core (Breiner, 1973). 
The magnetic poles of the earth do not correspond to 
the geographic poles of the axis of rotation. By conven-
tion, the earth's south magnetic pole is called the north ? 
magnetic pole because it is the magnetic pole closest to 
the north geographic pole. The north magnetic pole is lo-
cated on the Boothia peninsula of Canada. The south mag-
netic pole is located on South Victoria Land Antarctica. 
The earth's magnetic field is not symmetrical about 
its magnetic poles, but for simplicity can be compared to 
the magnetic field of a bar magnet. Like a bar magnet, the 
earth's magnetic field intensity is twice as large in the 
polar region as in the equatorial region. Similarly, like 
a bar magnet, the geomagnetic inclination is 90° at the 
north and south magnetic poles and 0° at the magnetic 
equator. 
The components of the earth's magnetic field are call-
ed magnetic elements, these are shown in Figure 3. The 
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Figure 3. The magnetic elements of the Earth's magnetic 
field. (From Dobrin, 1976) 
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Time variation in the earth's magnetism includes the 
secular variation which result in slow changes in the mag-
netic elements. Secular variation takes place over a few 
years to many thousands of years. A smaller annual var-
iation takes place as does a diurnal variation. In addition, 
there are magnetic storms which have varying periods. These 
are thought to be caused by ejected electrons and protons 
from the sun colliding with gas particles of the ionisphere. 
The smallest time variation is the micropulsation. Micro-
pulsations have periods which range from 0.01 seconds to 
tens of minutes. 
Variation in the earth's magnetism are also due to spa-
tial changes. These spatial changes are due to either nat-
urally occuring or man-made substances. Objects differ in 
their magnetization which results in magnetic contrast be-
tween various objects at different locations. The magnet-
ization is of two kinds: induced and permanent. Induced 
magnetization, which is also called polarization for a 
given object, has its magnitude and direction determined 
entirely by the magnitude and direction of the present mag-
netic field of the earth. When the earth's magnetic field 
changes so does the induced magnetization of an object. 
Permanent magnetization depends upon the metallurgical 
properties and the thermal, mechanical and magnetic history 
of the specimen, and is independent of the field in which 
it is measured (Breiner, 1973). Permanent magnetization 
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becomes fixed in a ferromagnetic object after the material 
is cooled below the Curie point. For ferromagnetic pipes 
the permanent magnetization often predominates over the in-
duced magnetization. In most instances the induced and per-
manent magnetization differ in both magnitude and direction. 
It is the vector sum of the two magnetizations that contrib-
ute to the resultant magnetic field of the object. When the 
magnetization of an object differ from that of its surround-
ings, the contrast in magnetic field can be detected and 
measured by using a magnetometer. 
The proton precession magnetometer measures the magni-
tude of the resultant vector of the earth's magnetic field 
and that of the source's magnetic field. Since the result-
ant total field is almost parallel to the earth's ambient 
field, that which is measured is nearly equivalent to meas-
uring the component of the anomaly parallel to the earth's 
ambient field . 
..• there are an infinite number of possible sources 
which can produce a given anomaly (Breiner, 1973). Sub-
jective information about the area in which a magnetic sur-
vey is undertaken allows for a narrowing down of the possi-
ble reasons for a given set of total magnetic field readings. 
This greatly increases the probability for a correct inter-
pretation of a given anomaly. 
THE PROTON PRECESSION MAGNETOMETER 
AND ITS OPERATING PRINCIPALS 
10 
The proton precession magnetometer used for this sur-
vey was a Barringer Research Ground Magnetometer model 
GM-122, (specifications for this magnetometer are given in 
Figure 4). The magnetometer system is comprised of a mag-
netometer console, omnidirectional toroidal sensor, retrac-
tile cord, staff, and carrying harness. The magnetometer 
console is connected to the retractile cord. The staff is 
fastened to the sensor. The magnetometer console is con-
nected by clips to the carrying harness which is worn over 
the operator's shoulder. 
The sensor of the magnetometer contains kerosene and 
this provides an abundant proton source. The protons may 
be considered as minute magnets in the shape of spheres 
spinning about their magnetic axis. When the kerosene is 
placed in an external field, the system has angular momentum 
and a torque caused by the interaction between the proton 
magnetic moment and the external field. Upon depressing 
the pushbutton of the console, a uniform magnetic field is 
generated by a current in a coil of wire in the sensor. 
This causes the magnetic moment of the protons to become 
polarized in the new direction of the resultant vector of 
the polarizing magnetic field and the earth's magnetic 









Number of Readings 







20,000 to 99,999 in ranges 




12 "D" cells 
< 50 Joules (Wsec) per reading 
0.8 A@ 13.5 V for 1.5 sec. (3 second 
cycle) 
0.8 A@ 13.5 V for 3 sec. (6 second 
cycle) 
2,000 - 10,000 depending on type 
of batteries 
1 every 3 seconds 
1 every 6 seconds 
Pushbutton switch 
Range Selection switch - Slide switch 
for 3 and 6 sec. located on P/C Board 
5 digit incandescent filament 
readout 
LED point 
Lock Indicator - last three digits 
of the display blanked off when 
phaselock not achieved 
Segment Function Indicator - all 
segments light up to permit visual 
inspection of the display function 
Figure 4. Specifications of the Barringer Research Ground 




Instrument: Dimensions - 7" X 3.5" X 11" 
(18 cm X 9 cm X 28 cm) 
Weight - 8 lbs (3.6 kg) including batteries 
Sensor: Omnidirectional noise cancelling 
toroidal sensing head 
Dimensions - 4 7/8" (12 cm) diameter 




- 3 lbs (1.4 kg) 
Operating Temperature Range -
-40°F to 131°F (-40°C to 55°C) 
Relative Humidity - 0 to 100% 
Instrument and sensor case made of 
high impact plastic 
Figure 4 continuation. Specifications of the Barringer 
Research Ground Magnetometer model GM-122. (From 
Barringer Research Limited, operation manual). 
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resultant vector of the polarizing magnetic field and the 
earth's magnetic field. The magnetic moments of the protons 
approach the resultant field direction exponentially, in 
about three seconds. When the polarizing current is sudden-
ly removed, the protons will precess about the earth's mag-
netic field. The precessing protons induce a small electro-
motive force (e.m.f.) in the same coil used to polarize 
them. This e.m.f. will have the same frequency as that of 
the precessing protons, and this frequency of precession is 
directly related to the intensity of the earth's magnetic 
field. The magnetometer digitizes the signal and counts 
this frequency and multiplies it by the proton gyromagnetic 
ratio, 2.6751987 (75) x 108 s-1 T-1, and then displays the 
numerical results by light emiting diode (L.E.D.) in a 
five-digit readout in units of gammas. 
MAGNETIC SURVEYING PROCEDURES AND TECHNIQUES 
AT THE INITIAL AREA OF SURVEY 
The initial survey area was undertaken on the property 
of Columbia Gas System Corporation. At this site is a bur-
ied 6-inch diameter pipeline. As Figure 1 shows, the di-
rection of the pipeline is nearly parallel to the adjacent 
railroad tracks. 
A linear magnetic traverse, designated as Row W, was 
made perpendicular to the longest axis of the pipeline. 
This was done in order to obtain the maximum variation in 
amplitude of the magnetic profile of Row W. 
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The station spacing used for Row W was 2 feet. For 
this initial survey it was necessary to return two times and 
take more station readings beyond the preliminary station 
readings. This resulted in the 55 station positions as 
shown by Figure 1. 
The position of the first station (Wl) is 3 inches east-
ward of the eastern edge of the parking lot curb. The num-
ber assigned to each station of Row W increases eastward 
with the last station (W55) located 147 feet 3 inches east-
ward of the eastern edge of the parking lot curb. At each 
station three readings were taken in order to average the 
time variations at each location. 
A 100-foot metal tape was used in measuring the station 
positions. The technique chosen to designate each station 
was to place a wooden golf tee at each ground station posi-
tion. The golf tees proved very suitable as marker indica-
tors, because many light weight golf tees could be easily 
transported in a sack, accurately and quickly positioned in 
the ground, rapidly located in the low grass, and their 
wooden composition did not affect the magnetic field read-
ings of the magnetometer. 
On April 14, 1981, eleven stations positions were used. 
The first station number was later revised in the survey and 
is designated as base station W30 and the eleventh station 
was revised and is now designated as W40. At each station 
three magnetic field readings measured in gammas were taken. 
Each station reading corresponds with its individual 
trial number. The three readings at each station were taken 
to average out the short time variations in order to give 
the mean of the station reading. The station range of each 
station was calculated by subtracting the lowest value of 
three readings at a given station from the highest value of 
the three readings at a given station. The mean of the 
station reading for station W30, [55990] gammas is used as 
the mean reference reading for Row W. 
At the end of the traverse on April 14, 1981, station 
W30 was reoccupied and gave a mean of station reading of 
55985 gammas. Since this only differs by 5 gammas, no mean 




On April 18, 1981, ten stations positions were used. 
The first station used was later revised in the survey and 
is now designated as W25, and the tenth station used was 
later revised in the survey and is now designated as W45. 
On April 18, 1981, station W30 was reoccupied and gave 
a mean of the station reading of 56081 garrunas. So the mean 
of the station reading on April 18, 1981 increased by 91 
gammas. In order to adjust for the drift between traverses, 
91 gammas was subtracted from each of the mean of station 
readings taken on April 18, 1981. This resulted in the 
mean of station reading adjusted for drift between traverses. 
At the end of the traverse on April 18, 1981, the sta-
tion W25 was reoccupied and gave a mean of station reading 
of 56038 gammas, this differed from the initial reading of 
56050 by 12 gammas. Since this was not outside the maximum 
station range of 12 gammas for a mean of station reading 
taken on April 18, 1981, no mean of station reading correc-
ted for drift within a traverse was used. 
On April 26, 1981, thirty-four station positions were 
used. The first station used is designated as Wl and the 
thirty-fourth station used is designated as W55. The first 
station occupied on April 26, 1981 was designated as W46, 
the last station occupied for the traverse was Wl. 
The reason the station positions and their designated 
station numbers do not correspond numerically is because 
during the completion of the magnetic survey of Row W 
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stations were added from both sides of the original eleven 
stations. The revised station names were used for the pur-
pose of having an orderly numerical increase for the sta-
t ion names for the eastern-most station to the western-most 
station as shown by Figure 1. 
Reoccupying the base station on April 26, 1981, gave 
a mean of station reading of 56094 gammas, which is 104 
gammas greater than the reference mean station reading. In 
order to adjust for drift between this traverse and the 
traverse of April 14, 1981, 104 gammas was subtracted from 
each mean of station reading to obtain the mean of station 
reading adjusted for drift between traverses. 
At the end of the traverse of April 26, 1981, the base 
station was reoccupied. The mean of station reading at the 
base station was 56154 gammas which increased from the base 
station reading (56095) gammas at the beginning of the trav-
erse by 60 gammas. In order to obtain the mean of station 
reading corrected for drift within a traverse, the first 
mean of station reading adjusted for drift between traverses 
on April 26, 1981 was diminished by 1 gamma, the second was 
diminished by 2 gammas, the third by 3 gammas. This method 
continues until the ninth reading, which is diminished by 10 
gammas, the tenth is diminished by 12 gammas, the eleventh 
reading is diminished by 14 gammas, and this pattern con-
tinued to the last reading taken on April 26, 1981. 
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TABLE 1 
MAGNETIC DATA FROM THE COLUMBIA GAS AREA 




MEAN OF FOR DRIFT FOR DRIFT 
STATION STATION BETWEEN WITHIN A 
READING RANGE READING TRAVERSES TRAVERSE 
TRIAL # STATION (garrunas) (garrunas) (garrunas) (garrunas) (garrunas) 
1 Wl 56024 ± 1 56024 55920 55860 
2 Wl 56024 
3 Wl 56023 
4 W2 55995 ± 2 55995 55891 55833 
5 W2 55996 
6 W2 55994 
7 W3 55939 + 1 55939 55835 55779 
8 W3 55939 
9 W3 55938 
10 W4 55901 ± 4 55903 55799 55745 
11 W4 55905 
12 W4 55904 
13 W5 55920 + 3 55921 55817 55765 
14 W5 55923 
15 W5 55920 
16 W6 55962 ± 5 55965 55861 55811 
17 W6 55967 
18 W6 55967 
19 W7 56003 + 2 56004 55900 55852 
20 W7 56003 
21 W7 56005 
22 W8 56028 ± 1 56028 55924 55878 
23 W8 56029 
24 W8 56028 
25 W9 56042 + 1 56043 55939 55895 
26 W9 56043 
27 W9 56043 
28 WlO 56046 ± 4 56048 55944 55902 
29 WlO 56049 
30 WlO 56050 
31 Wll 56051 ± 2 56050 55946 55906 
32 Wll 56050 
33 Wll 56049 
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TABLE 1 
MAGNETIC DATA FROM THE COLUMBIA GAS AREA 




MEAN OF FOR DRIFT FOR DRIFT 
STATION STATION BETWEEN WITHIN A 
READING RANGE READING TRAVERSES TRAVERSE 
TRIAL # STATION (gammas) (gammas) (gammas) (gammas) (gammas) 
31+ Wl2 56053 ± 1 56051+ 55950 55912 
35 Wl2 56051+ 
36 Wl2 56051+ 
37 Wl3 56051+ + 1 56055 55951 55915 
38 Wl3 56055 
39 Wl3 56055 
1+ 0 Wll+ 56059 + 2 56059 55955 55921 
1+1 Wll+ 56060 
1+ 2 Wll+ 56058 
1+3 Wl5 56068 + 3 56066 55962 55930 
1+ 1+ Wl5 56065 
1+ 5 Wl5 56065 
1+ 6 Wl6 56070 + 1 56071 55967 55937 
1+ 7 Wl6 56071 
1+ 8 Wl6 56071 
1+ 9 Wl7 56071+ + 3 56076 55972 5591+1+ 
50 Wl7 56077 
51 Wl7 56076 
52 Wl8 56078 ± 1 56078 55971+ 5591+8 
53 Wl8 56077 
51+ Wl8 56078 
55 Wl9 56079 + 1 56080 55976 55952 
56 Wl9 56080 
57 Wl9 56080 
58 W20 56081 ± 2 56082 55978 55963 
59 W20 56083 
60 W20 56082 
61 W21 56066 ± 3 56067 55963 5591+6 
62 W21 56067 
63 W21 56069 
61+ W22 56072 + 2 56071 55967 5591+9 
65 W22 56070 
66 W22 56070 
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TABLE 1 
MAGNETIC DATA FROM THE COLUMBIA GAS AREA 




MEAN OF FOR DRIFT FOR DRIFT 
STATION STATION BETWEEN WITHIN A 
READING RANGE READING TRAVERSES TRAVERSE 
TRIAL # STATION (gammas) (gammas) (gammas) (gammas) (gammas) 
67 W23 56081 ± 3 56081 55977 55961 
68 W23 56080 
69 W23 56083 
70 W24 56086 ± 2 56085 55981 55967 
71 W24 56084 
72 W24 56086 
73 W25 56050 ± 1 56050 55959 
74 W25 56050 
75 W25 56051 
76 W26 56055 ± 0 56055 55964 
77 W26 56055 
78 W26 56055 
79 W27 56059 ± 0 56059 55968 
80 W27 56059 
81 W27 56059 
82 W28 56065 ± 1 56065 55974 
83 W28 56065 
84 W28 56064 
85 W29 56073 + 3 56075 55984 
86 W29 56076 
87 W29 56076 
88 W30 55991 + 2 55990 
89 W30 55989 
90 W30 55989 
91 W31 56006 + 2 56007 
92 W31 56008 
93 W31 56007 
94 W32 56003 ± 4 56031 
95 W32 56031 
96 W32 56029 
97 W33 56061 + 3 56061 
98 W33 56059 
99 W33 56062 
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TABLE 1 
MAGNETIC DATA FROM THE COLUMBIA GAS AREA 




MEAN OF FOR DRIFT FOR DRIFT 
STATION STATION BETWEEN WITHIN A 
READING RANGE READING TRAVERSES TRAVERSE 
TRIAL # STATION (gammas) (gammas) (gammas) (gammas) (gammas) 
100 W34 56099 + 2 56097 
101 W34 56096 
102 W34 56097 
103 W35 56129 ± 1 56128 
104 W35 56128 
105 W35 56128 
106 W36 56140 ± 1 56140 
107 W36 56139 
108 W36 56140 
109 W37 56120 + 6 56120 
110 W37 56123 
111 W37 56117 
112 W38 56065 ± 4 56067 
113 W38 56067 
114 W38 56069 
115 W39 56006 ± 7 56010 
116 W39 56011 
117 W39 56013 
118 W40 55942 + 3 55943 
119 W40 55943 
120 W40 55945 
121 W41 55971 ± 4 55970 55879 
122 W41 55972 
123 W41 55968 
124 W42 55903 ± 6 55900 55809 
125 W42 55900 
126 W42 55897 
127 W43 55813 ± 3 55813 55722 
128 W43 55812 
129 W43 55815 
130 W44 55714 + 9 55710 55619 
131 W44 55711 
132 W44 55705 
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TABLE 1 
MAGNETIC DATA FROM THE COLUMBIA GAS AREA 




MEAN OF FOR DRIFT FOR DRIFT 
STATION STATION BETWEEN WITHIN A 
READING RANGE READING TRAVERSES TRAVERSE 
TRIAL # STATION (gammas) (gammas) (gammas) (gammas) (gammas) 
133 W45 55577 ± 2 55578 55487 
134 W45 55579 
135 W45 55578 
136 W46 55779 ±20 55775 55671 55670 
137 W46 55783 
138 W46 55763 
139 W47 55862 ±12 55855 55751 55749 
140 W47 55850 
141 W47 55854 
142 W48 55903 + 1 55903 55799 55796 
143 W48 55904 
144 W48 55903 
145 W49 55935 ± 5 55938 55834 55830 
146 W49 55938 
147 W49 55940 
148 W50 55952 ± 1 55952 55848 55843 
149 W50 55951 
150 W50 55952 
151 W51 55967 ± 2 55966 55862 55856 
152 W51 55965 
153 W51 55966 
154 W52 55981 + 1 55981 55877 55870 
155 W52 55981 
156 W52 55982 
157 W53 55991 ± 1 55991 55887 55879 
158 W53 55990 
159 W53 55991 
160 W54 56000 + 5 56001 55897 55887 
161 W54 55999 
162 W54 56004 
163 W55 56007 ± 1 56006 55902 55890 
164 W55 56006 
165 W55 56006 
MAGNETIC SURVEY PROCEDURES AND TECHNIQUES 
AT THE PRINCIPAL AREA OF SURVEY 
23 
The principal magnetic survey was carried out in the 
field north of the Electroscience Laboratory on the property 
of the Ohio State University. From the experience gained 
from the initial surveyed area, various improved techniques 
were able to be implemented at the principal area of survey. 
In this field are located a set of twelve ferromagnetic 
pipes (see Figure 2). The pipes vary in length, diameter 
and in the depth at which they were buried as shown by Fig-
ure 2. 
At the start of this investigation an orange plastic 
rod was placed at the reference point adjacent to the north-
western corner of the western-most concrete walkway. This 
reference point is indicated on Figure 2 by a dot in a cir-
cle. From this reference point, distances were measured 
northward for the survey. 
At the reference point, one of the ends of a kite cord 
was positioned by tying it to a golf tee put in the ground 
in front of the orange rod. By pulling on the other, 
northern end of the string, the taut cord could very accu-
rately be visually lined up parallel to the west side of 
the western-most concrete walkway. After the cord was 
aligned correctly, its northern end was secured in position 
by tying it to a golf tee. 
24 
Along this string a 100-foot metal tape was laid down. Golf 
tees were then placed along the measuring tape at the chosen 
traverse positions. The measuring tape was then laid down 
further north to measure off the rest of the traverses. A 
similar method was used by measuring from the north-eastern 
edge of the eastern-most concrete walkway and golf tees were 
placed along the measuring tape of the chosen traverses. 
The actual method used for taking readings at the prin-
cipal survey area was essentially the same as that used for 
the initial survey area. 
To take readings of the earth's total magnetic field 
with the ground magnetometer, the rectractile cord was con-
nected to the sensor head of the console. Then the staff 
was attached to the sensor and console was snapped onto the 
clips of the harness belt. The harness belt was worn over 
my left shoulder. The range selector was set on 51 kilo-
gamma, which corresponded to the magnetic field over both 
of the surveyed areas. My left hand was used to position 
the base of the staff at the ground station positions. To 
enable accurate readings to be taken the staff was held at 
approximately arm's length and kept steady over the desired 
station from the time just prior to depressing the console 
pushbutton, momentarily, until the five-digit readout 
appeared on the front of the console. My right hand was 
used to record each valid reading in gamma units. An in-
valid reading was indicated by the lock indicator only 
25 
displaying the first two digits of the five-digit readout. 
This occurred when the magnetometer skipped in counting the 
precession frequency due to a low signal to noise ratio 
occurring within the phaselock loop. When the lock indica-
tor was disabled, the safety system could have been over-
ridden by keeping the pushbutton depressed during the in-
strument count, which is a fraction of a second before the 
visual displayed readout. This technique was never used 
because the readings could differ considerably from the 
actual magnetic field at a given position, decreasing the 
accuracy of ± one gamma, of which the magnetometer is cap-
able. 
After three valid readings were recorded in my field 
notes at a given fixed station, the magnetometer was man-
ually moved in sequence to the other stations. The magnetic 
field readings were taken at these other stations, using the 
same procedure as that described previously. 
For this magnetic survey, 15 linear traverses were 
used. They are designated as Row A, Row B, Row C, Row D, 
Row E, Row F, Row G, Row H, Row I, Row J, Row K, Row L, Row 
M, Row N, and Row O. 
The field north of the Electroscience Building was 
divided into two designated areas: Row A through and in-
cluding Row J are in the area herein called the Southern 
Part; Row K through and including Row 0 are in the area 
herein called the Northern Part. 
26 
The traverses were taken in the east-west direction 
in order to cross the ferromagnetic pipes perpendicular to 
their longest axis. This enables their anomaly representa-
tion as shown by magnetic profiles to attain their maximum 
amplitude, which in turn enhances their visual anomaly de-
tectability. 
The spacing between stations chosen for this area was 
two feet. In the Southern Part, the first station for each 
of the ten traverses was started 10 feet west of an imagi-
nary line going over the long axis of the three western-
most pipes. The last station for each traverse in the 
Southern Part is 80 feet east of the first station. This 
is 20 feet east of an imaginary line going over the longest 
axis of the three eastern-most pipes. 
In the Northern Part, the first station for each of 
the five traverses, begins 10 feet west of an imaginary 
line through the long axis of the western-most pipe. The 
last station for each traverse in the Northern Part is 90 
feet east of the first station. This is 20 feet east of an 
imaginary line going through the long axis of the eastern-
most pipe. 
In this field area, 640 golf tees were hand placed at 
each traverse station and 2 golf tees were placed side by 
side to designate the base station. For each adjacent trav-
erse, a different color of golf tees was used to aid in 
recognition of each Row. 
27 
At the start of each traverse three base station read-
ings were taken, and at the end of each traverse three base 
station readings were taken. 
The first mean of station reading, taken from the aver-
age of the three base station readings, at the start of Row 
A was [56109]. This mean of station reading was used as 
datum throughout this survey. 
This survey was concerned only with the spatial var-
iations in the earth's magnetic field cause by ferromagnet-
ic pipes, so the time variations were considered as back-
ground interference. 
In order to eliminate the drift between traverses, 
the mean of the base station reading at the start of each 
traverse after Row A, was adjusted for drift. This was 
obtained by adding or subtracting to the mean of the base 
station reading in order that it would equal the reference 
mean of the base station reading, [56109] gammas. 
This method resulted in all the mean of station read-
ings for: Row B increasing by 20 gammas; Row C increasing 
by 8 gammas; Row D increasing by 28 gammas; Row E increas-
ing by 31 gammas; Row F increasing by 24 gammas; Row G de-
creasing by 7 gammas; Row H increasing by 44 gammas; Row I 
increasing by 56 gammas; Row J increasing by 10 gammas; Row 
K increasing by 35 gammas; Row L increasing by 28 gammas; 
Row M decreasing by 14 gammas; Row N increasing by 43 
gammas; Row 0 decreasing by 10 gammas; in order to obtain 
28 
the mean of station reading adjusted for drift between trav-
erses. 
At each station position the time of day was recorded 
in order to later correct for drift within a traverse. All 
traverses whose mean of base station reading at the start 
of a traverse differed by more than 3 gammas from the mean 
of base station reading at the end of a traverse were co-
rrected for drift. This was done for Row B, Row F, Row I, 
Row K, Row Mand Row N. These six rows were time correc-
ted. This was done by averaging out the amount by which 
each station was reduced according to the difference of 
the initial base station reading and the time of each sta-
tion reading, in order that the mean of the base station 
reading corrected for drift would have the same value, 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































INTERPRETATION OF ANOMALIES 
The magnetic field of a pipe is the resultant vector 
of its induced magnetization and its permanent magnetization. 
The induced magnetization depends on the intensity of the 
inducing field, which is that of the earth, and the direc-
tion of the earth's magnetic field. The permanent magnet-
ication depends on the orientation of the pipe as it solid-
ified below the Curie temperature. 
In Franklin County, Ohio, in the year 1981, the mag-
netic inclination is about 70° north and the magnetic de-
clination is about 4° west of north. 
For Row A, traverses were made west to east, with the 
first station Al, at a distance of 0 feet. The eastern-
most station of A41is at a distance of 80 feet from Al. 
All of the other traverses are similarly made from west to 
east. 
Table 3 shows the correspondence between each station 
column and its distance from the initial station of a given 
traverse. 
In the Southern Part of the field north of the Electro-
science Laboratory the pipes lie along a north-south axis 
at distances of 10 feet, 30 feet and 60 feet. 
TABLE 3 
CORRESPONDENCE BETWEEN EACH STATION COLUMN AND ITS DISTANCE 
FROM THE INITIAL STATION OF A GIVEN TRAVERSE, FOR THE AREA 
IN THE FIELD NORTH OF THE ELECTROSCIENCE LABORATORY. 
114 
STATION COLUMN DISTANCE IN FEET STATION COLUMN DISTANCE IN 
1 0 24 46 
2 2 25 48 
3 4 26 50 
4 6 27 52 
5 8 28 54 
6 10 29 56 
7 12 30 58 
8 14 31 60 
9 16 32 62 
10 18 33 64 
11 20 34 66 
12 22 35 68 
13 24 36 70 
14 26 37 72 
15 28 38 74 
16 30 39 76 
17 32 40 78 
18 34 41 80 
19 36 42 82 
20 38 43 84 
21 40 44 86 
22 42 45 88 




CORRESPONDENCE BETWEEN EACH STATION COLUMN AND ITS DISTANCE 
FROM THE INITIAL STATION OF A GIVEN TRAVERSE, LISTING THE 
POSITIONS DIRECTLY ABOVE, THE LONG AXIS GOING THROUGH THE 










CORF.ESPONDENCE BETWEEN EACH STATION COLUMN AND ITS DISTANCE 
FROM THE INITIAL STATION OF A GIVEN TRAVERSE, LISTING THE 
POSITIONS DIRECTLY ABOVE, THE LONG AXIS GOING THROUGH THE 










Each horizontal cylindrical pipe is considered to be 
a line of dipoles. 
When the magnetic flux of the pipes reinforce the 
earth's magnetic field, a positive anomaly results. When 
the magnetic flux of the pipes opposes the earth's magnetic 
field, a negative anomaly results. When the tangent to the 
lines of force of the pipes are perpendicular to the direc-
tion of the earth's magnetic field, the anomaly is zero. 
Theoretically, in the northern hemisphere when the magnetism 
is solely of the induced type, an anomaly has a high (i.e. 
positive), south over the center of a N-S oriented horizon-
tal pipe and a low (i.e. negative), north over the center 
of the pipe, as shown by Figure 5. 
The variation in anomaly width is due to the distance 
between the center of the magnetometer sensor and the cen-
ter of the source. As the distance between the center of 
the sensor (which was 5 feet 6 inches above ground level) 
and the center of the pipes increased the anomaly width 
(caused by the pipe) increased. 
The relative amplitude of the anomalies, caused by the 
pipes were due to the earth's field direction, being greater 
here than at a lower magnetic latitude and less than at a 
higher magnetic latitude, the configuration of the source 
and the amount of permanent magnetization in the pipes de-




Figure 5. Theoretical magnetic profile of a North-South 
traverse over a horizontal pipe with its 
longest axis oriented North-South. (Adapted 
from Noltimier, 1981) 
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The maximum amplitude is defined as the distance from 
the regional field, which is considered to be the locale-
zero. Maximum amplitude depends on the distance from the 
center of the sensor to the center of the pipes, with the 
maximum amplitude decreasing from pipes of the same size but 
buried at a greater depth. The maximum amplitude also de-
pends on the amount of ferromagnetic material, increasing 
with the increase in ferromagnetic pipe material. Maximum 
amplitude also depends on the configuration of the pipe 
with the larger amplitude occurring when the permanent mag-
netization and the induced magnetization have the same mag-
netization direction. Since the induced magnetization 
would necessarily be in the same direction as the earth's 
magnetic field, this would mean the permanent magnetization 
likewise would be in the same direction of the earth's 
magnetic field to cause a maximum high amplitude. 
The magnetic profile of Row A (see Figure 6) does not 
show noticeable anomalies caused by the three 1-foot pipes. 
Row A shows the regional field having a general trending 
decrease in magnitude from west to east. An anomaly low 
which occurs at a distance of 2 and 4 feet may be due to 
experimental apparatus which was set up by Ohio State 
University researchers, west of Al. 
Row B (see Figure 7) shows the same general trend as 
Row A with the regional field decreasing from west to east. 
Row B is 5 feet 6 inches north of Row A and in this distance 
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the regional field shows about a 25 gamma increase at each 
corresponding station across from Row A. 
Row C (see Figure 8) shows the same general trending 
regional field as Row A and Row B which decreases going west 
to east with a high located at the 30 foot location. Com-
paring this high at 30 feet with Row A and Row B, it does 
not seem to be caused by the 1-foot pipes but probably is 
caused by the 3-foot pipe north of this location. Row C 
shows a regional field increase in magnitude from Row B of 
about 30 gammas. 
Row D (see Figure 9) shows a small relative high at 
4 feet which is probably not due to a pipe. At 30 feet there 
is a relative high due to the center 3-foot pipe. The rel-
ative low around the 10 foot location is probably due to 
the western 3-foot pipe. The near horizontal part of the 
profile between 64 and 70 feet is probably strongly in-
fluenced by the permanent magnetization of the eastern 3-
foot pipe. 
Row E (see Figure 10) shows a relative high directly 
at the 10 foot location correspondingly caused by the 
eastern 3-foot pipe. There is a small high at about the 30 
foot location showing a much smaller anomaly pattern than at 
the 30 foot location of Row D. Row E shows a relative high 
about 4 feet west of the 60 foot location and is probably 
due to the eastern 3-foot pipe. 
Row F (see Figure 11) shows the same similar curve as 
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Row E with a high at 10 foot, 32 foot and 60 foot. The high 
at 10 foot corresponds to the western 3-foot length pipe. 
The high at 32 foot corresponds to the center 3-foot length 
pipe, and the high at 60 foot corresponds to the eastern 3-
foot length pipe. Row F has about a 30 foot increase in the 
magnitude of the regional field from Station El to Station 
Fl. Row F has about a 35 foot increase over Row E in ab-
solute amplitude at the 10 foot and 30 foot highs and about 
a 55 foot increase in absolute amplitude at the 60 foot high 
over Row E. The small relative high and low anomalies be-
tween 42 feet and 50 feet are not caused by the pipes, but 
what they are caused by I do not know. It could possibly 
be caused by a small concentration of nearby buried ferro-
magnetic rocks or more likely ferromagnetic pipe fittings. 
The anomaly pattern of Row G (see Figure 12) will be 
used for both qualitative and quantitative interpretation 
in the following description. Row G has a maximum ampli-
tude at the 10 foot location which corresponds to Station 
G6. At the point of maximum amplitude the mean of station 
reading adjusted for drift between traverses with 56208 
gammas. This is a 164 gamma increase from the 56044 read-
ing at Station Gl, which is only 10 feet from Station G6. 
The high amplitudes are at larger values along Row G than 
along Row H and Row I which cross directly over the 5-foot 
pipes or Row J which is north of the 5-f oot pipes because 
the direction of the induced magnetization is greater south 
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of the center of the pipe and decreases to the regional 
field over the pipe as shown by Row H and continues to de-
crease resulting in anomaly lows north of the center of the 
pipe as shown by Row I and Row J. 
The anomaly high at 10 foot corresponds directly to 
the axis along the western 5-foot pipe. 
The 30 foot location corresponds to Station Gl6, this 
shows the maximum amplitude occurring directly along the 
axis of the center 5-foot pipe. The 60 foot location 
corresponds to Station G31 and likewise the maximum ampli-
tude corresponds to the eastern 5-foot pipe directly along 
its axis line. 
The anomaly at 10 foot is about 148 gammas above the 
regional field. The anomaly at 30 foot is about 95 gammas 
above the regional field. The anomaly at 60 foot is about 
64 gammas above the regional field. These three anomalies 
show how the maximum anomaly amplitude decreases with depth, 
because all three pipes causing their corresponding anomalies 
differ only in their distances from magnetometer sensor. 
The anomaly width at the 10 foot location is about 20 
feet. The anomaly width at the 30 foot location is about 
24 feet. The anomaly width at the 60 foot location is over 
30 feet. This shows the anomaly width increasing due 
solely to the depth of the source since the three 5-foot 
pipes causing the three corresponding anomalies differ only 
in the distance to the magnetometer sensor. 
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For simplification, if the magnetic field at which the 
pipes are located (70° inclination) is assumed to be ver-
tical, the half-width rule can be applied. This rule gives 
an approximate correspondence between the anomaly width and 
the depth to the source causing the anomaly. For a hori-
zontal pipe, the depth is two times the half-width. The 
half-width is defined as the horizontal distance between the 
maximum point of the anomaly and the point where the value 
is exactly one-half the maximum value. For the anomaly at 
the 10 foot location of Row G, the half-width is 4 feet and 
doubling this gives a value of 8 feet as the theoretical dis-
tance from the center of the sensor to the center of the 
pipe, compared to the actual distance of 8 feet and 3 inches, 
which is a very close agreement to the theoretical value. 
For the anomaly at 30 foot location of Row G, the half-width 
is about 5 feet and doubling this gives a value of 10 feet 
from the center of the sensor to the center of the pipe com-
pared to the actual distance of 9 feet and 11 inches, which 
is also in very close agreement to the theoretical value. 
For the anomaly at the 60 foot location of Row G, the half-
width is about 5 feet and 3 inches and doubling this gives 
a value of 10 feet and 6 inches as the theoretical distance 
from the center of the sensor to the center of the pipe, 
compared to the actual value of 11 feet and 9 inches which 
is in fairly close agreement with the theoretical value. 
Row H did not give a valid reading for Stations HS, H6, 
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and H7. This was caused by the magnetic gradient being too 
large for the magnetometer to accurately count the precession 
frequency, which in turn was due to the close proximity be-
tween the sensor and the 5-foot pipe. A general trending low 
occurs at the 30 foot location, and a relative high amplitude 
but with an absolute amplitude of near zero occurs at the 60 
foot location (see Figure 13). 
Row I (see Figure 14) shows absolute low amplitudes at 
10 feet, 30 feet and at 60 feet and corresponds very closely 
to the reverse image below the regional gradient as that of 
Row G. 
For J (see Figure 15) shows absolute low at the 10 foot, 
30 foot and 62 foot locations similar to Row G but with much 
smaller anomaly amplitudes. 
In the Northern Part, the axis through the 10-foot 
length pipe occurs at the distances of 10 feet, 40 feet, and 
70 feet. For Row K (see Figure 16), an anomaly high occurs 
at 4 feet, 32 feet and 64 feet which is west of the axis of 
the three pipes. The maximum amplitudes occuring at these 
locations must be due to a strong permanent magnetization 
in the westward direction. The small anomaly at 46 feet 
corresponds to Station K24. At this station the first read-
ing taken corresponding to trial number 1300 is 55988 gammas. 
The second reading, corresponding to trial number 1301, is 
55989 gammas and the third reading, corresponding to trial 
number 1302, is 55999 gammas. The range of these numbers 
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is 11 gammas. The first two readings at this Station K24 
differ only by 1 gamma but the third reading differs from 
the two by 11 and 10 gammas respectively; therefore, I think 
the larger value of the third reading at Station K24 is due 
to a micropulsation which causes the mean station reading to 
be larger than it would have been and thus resulting in the 
small anomaly at the 46 foot location at Station K24. 
Row L (see Figure 17) has a low at 4 feet, 34 feet and 
64 feet, caused by the resultant magnetism of the three 
corresponding pipes, opposing the flux of the earth's mag-
netic field. 
Row M (see Figure 18) shows a similar signature as Row 
L with lows occurring at 4 feet, 36 feet and 66 feet. The 
low at the 4 foot location of Row M has a smaller anomaly 
amplitude than the 4 foot location of Row L. The low at 
the 30 foot location of Row M is not quite as low in ampli-
tude as the 34 foot location of Row L, but the low of am-
plitude of the 66 foot location is greater than the 64 foot 
low in amplitude for Row L. 
Row N (see Figure 19) shows a decrease in amplitude 
compared to Row M at each of the three minimum amplitudes 
at the 6 foot location, the 36 foot location and the 66 foot 
location. 
Row 0 (see Figure 20) shows a non-anomalous magnetic 
profile. It does, however, show the regional field decreas-
ing from the mean of station reading adjusted for drift 
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between traverses, change from 56101 gammas to 55938 gammas 
in a distance of 90 feet. 
The anomaly due to the pipe at the Columbia Gas Area 
is shifted with its maximum amplitude west of north due to 
its orientation. A calculated depth, using the half-width 
rules of 5 feet corresponds to the actual depth of between 
8 feet and 6 inches and 9 feet and 6 inches. The strong mag-
netic gradient over the railroad tracks resulted in invalid 
readings. The railroad tracks have a strong permanent mag-
netization whose flux opposes that of the earth's field re-
sulting in the negative anomaly just west of the tracks. 
Magnetic profiles were drawn over the long axis of the 
pipes resulting in the Magnetic Profile of Columns 6, 16 
and 31 in the Southern Part, and Magnetic Profiles of Columns 
6, 21 and 36 in the Northern Part (see Figure 22 through 
Figure 27). 
The stations selected for the construction of the total 
magnetic field contour maps for both the Southern Part and 
the Northern Part were chosen so that they would be equally 
spaced in plan view (see Plate 1 and Plate 2). 
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Figure 12. Magnetic profile of Row G. 
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Figure 14. Magnetic profile of Row I. 
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Figure 19. Magnetic profile of Row N. 
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Figure 20. Magnetic profile of Row O. 
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Figure 21. Magnetic profile of Row W. 
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Plate 1. Total magnetic field contour map of the 
Southern Part, located in the field north of the Electro-
science Laboratory. At five feet, six inches above the 
ground surface. Station Spacing is eight feet. Magnetic 



















































































































































































































































































































































































































































































































































































































































































Plate 2. Total magnetic field contour map of the 
Northern Part, located in the field north of the Electro-
science Laboratory. At five feet, six inches above the 
ground surface. Station Spacing is eight feet. Magnetic 








































































































































































































































































































































































































































































































SUMMARY AND CONCLUSIONS 
A total of 165 measurements of the earth's total mag-
netic field intensity were recorded at the Columbia Gas 
Area, which was comprised of one traverse with 55 station 
positions. 
A total of 2,010 measurements of the earth's total mag-
netic field intensity were recorded in the field north of 
the Electroscience Laboratory. This included 1,920 traverse 
station readings and 90 base station readings. The number 
of traverses made were 15. These 15 traverses were com-
prised of 640 station positions. 
In general, the anomalys corresponded well with the 
sources causing the magnetic disturbances (i.e., the ferro-
magnetic pipes). 
When the resultant vector of the magnetism of the pipes 
and the magnetism of the earth reinforced each other, a 
positive anomaly resulted. When the resultant vector of the 
magnetism of the pipes and that of the earth magnetism 
opposed each other a negative anomaly resulted. When the 
magnetic lines of force of the pipes were perpendicular to 
the direction of the earth's magnetic field, no anomaly re-
sulted. 
The proton precession magnetometer was used to measure 
the magnitude of the resultant vector of the earth's mag-
netic field and the magnetic field of the ferromagnetic 
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pipes. 
The magnetometer cannot distinguish between different 
sources which could result in a given set of magnetic field 
readings, therefore the magnetic anomalys caused by the 
ferromagnetic pipes, in this survey, could be used as models 
for more complex structures such as anticlines or dikes. 
The geomagnetic field is subject to numerous and con-
stant changes with time. These time variations were elim-
inated in this magnetic survey by reducing the data. This 
was done in order that the total magnetic field intensity 
variations would be caused solely by the spatial changes in 
earth's magnetic field as a result of the magnetic disbur-
bances caused by the ferromagnetic pipes. 
154 
BIBLIOGRAPHY 
Ahern, Judson L., 1975, Aeromagnetic Reconnaissance Survey of 
Lake Erie, Ohio State University, unpub. M. S. thesis, 
Columbus, 158 Pe 
Barringer Research Limited, Operation Manual, Ground Magnetometer 
Model, GM-122, Toronto, 10 p. 
Breiner, Sheldon, 1973, Applications Manual for Portable Magne-
tometers, Geo Metrics, Palo Alto, 58 p. 
Caldecott, Ross and Young, John, 1973, A Portable Detector for 
Plastic Pipe and Other Underground Objects, unpub. Report 
404 X-1, Columbus, pp. 19-21 and 24-26. 
Compton, Robert R., 1962, Manual of Field Geology, John Wiley 
and Sons, Inc., New York, 378 p. 
Dobrin, Milton B., 1976, Introduction to Geophysical Prospecting, 
3rd. ed., McGraw-Hill Book Co., New York, 446 p. 
Garland, George, 1979, Introduction to Geophysics, Saunders, 
Philadelphia, 494 p. 
Griffiths, Donald H., and Kings, R. F., 1965, Applied Geophysics 
for Engineers and Geologist, Pregman Press, Oxford, 223 p. 
Harvey, Christena M., 1980, A Low Altitude Aeromagnetic Survey 
of a Peridotite Intrusion in Elliott County, Kentucky, 
Ohio State University, unpub. M. S. thesis, Columbus, 161 p. 
Myers, Christopher P., 1977, Aeromagnetic Reconnaissance Survey 
of Lake Erie, Ohio State University, unpub. M. S. thesis, 
Columbus, 172 p. 
Nairn, A. E. M., Noltimier, Hallan C. and Nairn, B., 1980, 
Surface Magnetic Survey of the Souss Basin, Southwestern 
Morocco: Evaluation of the Tectonic Role Postulated for the 
Agadir and Tarfaya Fault Zones and the South Atlas Flexture, 
Tectonophysics, Volume 64, p. 235-248. 
Patterson, Rhonda Lea, 1980, Low Altitude Aeromagnetic Survey 
of South-Central Ohio, Ohio State University, M. S. thesis, 
Columbus, 228 p. 
Sears, Francis W., Young, Hugh D., and Zamansky, Mark W., 1977, 
University Physics, 5th ed., Addison-Wesley Publishing 
Company, Reading, 811 p. 
155 
Sharma, P. Vallabh, 1976, Geophysical Methods in Geology, 
Elsevier Scientific Publishing Company, Amsterdam, 428 p. 
Weast, Robert C., 1976-1977, Handbook of Chemistry and Physics. 
57th ed., Chemical Rubber Company Press, Cleveland, 
F-243 p. 
